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The mechanisms of upconverted photocurrent in InAs quantum structures embedded in AlxGa1−xAs were
studied with simultaneous measurements of photoluminescence and photocurrent spectra. Efficient upconversion
was verified in samples with and without quantum dots. The dominant upconversion process from low
temperatures to room temperature was found to occur through an Auger process in disklike InAs quantum
structures. The results suggest the importance of shallow energy levels, which enable upconversion and efficient
carrier extraction through multiparticle interactions. The disklike structure was concluded to be a suitable
intermediate-band structure in terms of the energy conversion efficiency.
DOI: 10.1103/PhysRevB.87.245305 PACS number(s): 84.60.Jt, 72.40.+w, 73.50.Pz, 78.66.Fd
I. INTRODUCTION
Semiconductor crystals in bulk form have been widely
used in photovoltaic technologies. The single-junction solar
cell (SC) conversion efficiency is intrinsically limited to 31%
by the material’s band-gap energy.1 This inherits two types
of losses: transmission of photons that have lower energy
than the band gap, and thermalization of the excess energy
of photons with higher energy than the band gap due to
relaxation. Instead of relying on multijunction SCs, which
adapt the bulk structure to the solar spectrum,2 both losses can
also be significantly reduced by adjusting the carrier dynamics
with quantum structures. This enables us to design material
properties as required, and thereby, a better understanding
of multiparticle interactions in quantum structures provide a
detailed insight into the energy conversion processes for SCs.
The transmission losses in SCs can be substantially reduced
by the design of intermediate states forming intermediate
bands (IB),3 wherein upconversion generates highly excited
electrons and holes through energy transfer between subband-
gap-energy particles. On the other hand, relaxation losses are
reduced by carrier multiplication (CM),4,5 in which highly
excited electrons relax through the formation of two or more
electron-hole (e-h) pairs. In both IBs and CMs, multiparticle
interactions play a crucial role,6 and this requires suited quan-
tum structures such as quantum dots (QDs) and quantum wells
(QWs). However, the design principle of quantum structures
for achieving considerable high efficiencies of IB and CM SCs
is unknown. Therefore, it is imperative to investigate which
quantum structure can achieve high efficiencies. In particular,
InAs-based IBs have attracted much attention because the
small band gap allows them to absorb infrared (IR) photons and
high crystal quality can be achieved for a wide range of growth
conditions on GaAs (which is the material closest to the ideal
band gap of the single-junction SC). Due to a lattice mismatch
of about 7% between InAs and GaAs or AlGaAs, different
InAs quantum structures are formed in epitaxial growth.7,8
After the formation of the two-dimensional (2D) wetting layer
(WL), which is one monolayer (ML) in height, 2D disklike
structures with heights of two and three MLs are formed upon
the addition of InAs.9 We believe that the electronic structure
of the latter plays an important role in upconversion and refer
to these structures as quantum well islands (QWIs). As growth
proceeds, strain relaxation occurs partly through the formation
of quantum dots (QDs) for InAs deposition equivalent to about
1.7 ML.9 Each quantum structure forms a set of confined
electron and hole states, which, in principle, may contribute to
the generation of photocarriers under IR illumination.10
Meanwhile, the majority of works investigating IB SCs have
focused on dense QD arrays that form a nearly perfect IB,11
because an ideal interaction between delocalized electronic
states results in an efficiency of 46% for unconcentrated
solar light.12 However, the band formation is not essential for
the IB SC concept.13 An intermediate state which provides
a localized electronic state is sufficient. Besides thermal
excitation, two local upconversion mechanisms must be
considered: (i) a carrier generated by the first photon in the
localized state absorbing a second photon [local two-step
two-photon absorption (TS-TPA)],3,14 and (ii) upconversion of
a carrier via an Auger process.15,16 The latter is a multiparticle
interaction between excited carriers and enables a variety
of upconversion processes. Upconverted photoluminescence
(UPL) from InAs quantum structures at low temperatures
has been investigated,17,18 and the QWI was suggested as
the quantum structure responsible for the upconversion.19
However, the mechanisms responsible for efficient upcon-
verted photocurrent (UPC) (=photocurrent by upconversion
of IR photons) has remained unclear so far: the influence of
multiparticle mechanisms20 has not been evaluated until now,
while absorption is often considered to be essential.
In this work, we investigate the upconversion mechanisms
in InAs quantum structures. Our novel sample structure
enables the study of intrinsic upconversion properties of the
QWIs. With the first simultaneous observation of UPL excita-
tion and UPC excitation spectra, we find that the energetically
shallow QWIs (high quantized energy) may be more suitable
than the deep QDs for enhancing the SC conversion efficiency.
Simultaneous measurements are required to trace the spectra
from low to high temperatures. Our data clearly indicate that
efficient upconversion in InAs occurs through a multiparticle
Auger process rather than through a TS-TPA process. Finally
we discuss the impact of our results on IB SCs.
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This paper is organized as follows. In Sec. II we present
our novel sample structures and a fundamental UPC excitation
spectrum. Section III discusses the UPL excitation spectra of
InAs layers with and without QDs. In Sec. IV the origin and
upconversion mechanism of the efficient UPC generation is
verified. The estimation of the efficieny limits of upconversion
through multiparticle interactions in QWIs is given in the final
Sec. V.
II. EXPERIMENT AND SAMPLE STRUCTURES
The sample structures shown in Fig. 1 were prepared by
molecular beam epitaxy under conditions similar to those
FIG. 1. (Color online) Sample structures. Sample A: The active
region consists of 2 ML InAs. Sample B: The active region consists
of 1.4 ML InAs in the AlGaAs matrix. Sample C: The active region
consists of 2 ML InAs and the GaAs/AlGaAs QW in the AlGaAs
matrix and 1.4 ML InAs in the top GaAs layer.
TABLE I. Overview of samples. For each InAs layer this table
summarizes the deposited thickness, the type of surrounding barrier,
the formation of QDs, and the formation of QWIs. Note that sample C
contains two InAs layers. Please refer to Fig. 1 for the detailed
structures.
Sample InAs Barrier QD QWI
A 2.2 ML AlGaAs Yes Yes
B 1.4 ML AlGaAs No Yes
1.4 ML GaAs No YesC 2.0 ML AlGaAs Yes Yes
described in our previous publication.19 The characteristics
of the samples used are summarized in Table I. For all
samples a nominally undoped structure was grown on top of a
semi-insulating (s.i.) GaAs (001) substrate and a GaAs buffer.
In samples A and B a single InAs layer and four GaAs/AlGaAs
QWs (three below and one above the InAs layer) were grown in
an AlGaAs matrix. The role of the QWs is to improve the UPL
signals.19 Sample A has a 2.2-ML-thick InAs layer embedded
in AlGaAs. With this amount of InAs, both QWIs and QDs are
formed. Sample structure B has an InAs deposition below crit-
ical thickness and therefore QWIs are formed but QDs do not
exist. For sample C two different InAs layers are introduced,
an AlGaAs layer containing 2 ML InAs and a GaAs/AlGaAs
QW, and a top GaAs layer containing 1.4 ML InAs.
The QWI structures have smaller height and larger in-plane
extension, as shown with atomic force microscopy (AFM)
image in the inset of Fig. 2. The confined states are shallow,
and exciton movement is weakly restricted in the in-plane
direction. By using two InAs layers in one sample the influence
of the barrier height is investigated. The incorporation into one
sample allows accurate comparison. Electrical measurements
were performed on sample C. The bottom electrical contact
was formed by the In layer that remained after detaching the
sample from the Mo block used for growth. The top electrode
consisted of ≈300 nm of Au sputtered on the masked sample.
QD QWI
QWI IQD
FIG. 2. (Color online) UPC excitation spectrum for sample C.
The two main features are photocurrent due to excitation of the QWIs
and QDs. The indicated energy levels of the shallowest QWI I and
the QDs were determined from PL. Inset: 3D AFM image with QDs
and a QWI on the WL of an InAs/AlGaAs layer without capping.
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The UPL and UPC measurements were performed with a cw
wavelength tunable Ti:sapphire laser. The sample was mounted
on the cold finger of a liquid He flow cryostat with electrical
contacts. The photoluminescence (PL) was analyzed with a
50-cm spectrometer and a liquid-nitrogen-cooled Si charge-
coupled device camera.
The room temperature (RT) UPC excitation spectrum of
sample C is shown in Fig. 2. The shoulder around 1.08 eV
corresponds to UPC from the QDs. Additionally, a novel UPC
peak structure can be observed for excitation energies around
1.38 eV, corresponding to upconversion in some QWIs. This
is attributed to the AlGaAs barrier which suppresses GaAs
photocurrent and is in contrast to the observed shoulder in
InAs/GaAs structures.13,21–24 The use of the AlGaAs barrier
allows the study of intrinsic UPC properties of quantum
structures with energy slightly below the GaAs band gap. We
assign different peaks to upconversion in suited QWIs. The
details are discussed in Sec. IV.
III. UPCONVERTED PHOTOLUMINESCENCE FROM
SAMPLES WITH AND WITHOUT QDs
The characterization of samples A and B was performed by
photoexcitation at 1.49 eV, 1 W/cm2. At this energy GaAs and
the InAs WL buried in the AlGaAs matrix are not excited, and
the PL intensities should reflect the distribution of the different
InAs quantum structures. In this section only the spectral
region of the QWIs is discussed. The spectral regions of GaAs
and AlGaAs in similar samples are discussed in Ref. 19. The
PL spectra of the QWIs in samples with and without QDs
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FIG. 3. (Color online) PL at about 4 K for excitation with 1.49 eV,
1 W/cm2. PL of QWI region for (a) sample containing QDs and (b)
sample without QDs. The peak positions of the 2- and 3-ML-thick
QWIs are indicated with arrows. Inset: QD PL for sample A.
were observed, which we assigned to the 2- and 3-ML QWI,
respectively. The QD PL peak is shown in the inset of Fig. 3(a).
We found that for the sample with QD formation the peak
intensity of the 3-ML QWI is larger than that for the sample
without QDs. This indicates a higher density of 3-ML QWIs
for larger amounts of InAs deposition. The assignment of 2-
and 3-ML peak energies was confirmed by comparing the
peak positions with those obtained from an eight-band k · p
calculation. The predicted values of 1.46 and 1.39 eV for the
2- and 3-ML QWI, respectively, are in good agreement with
the experiment.19
When the QWIs are excited with low-energy photons,
high-energy photons are emitted from the GaAs/AlGaAs QWs
and the InAs/AlGaAs WL. This is UPL due to upconversion
of electrons and holes in an InAs quantum structure and
successive capture and radiative recombination in the QWs
with higher quantized energy levels. The UPL excitation
spectra for detection energy at the InAs/AlGaAs WL are shown
in Fig. 4. The UPL peak energies due to recombination at
the WL are at about 1.7 eV [(a) 1.72 eV, (b) 1.69 eV]. The
excitation spectrum in Fig. 4(a) is for the sample containing
QDs. It confirms strong upconversion as long as the 3-ML
QWI is excited, and the intensity drops quickly for excitation
energies below the 3-ML QWI energy. No UPL is observed
for excitation of the QD. Since TS-TPA upconversion should
occur when the QD ground state is excited, the data suggest
that the TS-TPA process is not responsible for the efficient
upconversion observed. The onset of the distinct decrease in
the UPL intensity for lower energies is the experimentally
defined critical energy. To confirm that the experimental
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FIG. 4. (Color online) UPL excitation spectra at about 4 K
for excitation with 10 W/cm2. Excitation spectra for (a) sample
containing QDs and (b) sample without QDs. The arrows indicate
the peak positions of the 2- and 3-ML-thick QWI PL, respectively.
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with QDs is not due to an excited or interface states in the QD,
the same experiment was performed for the sample containing
only QWIs. The result is shown in Fig. 4(b). Here, efficient
upconversion is observed as long as the 2-ML QWI is excited.
Three-ML QWIs do exist in this sample; however, their density
is lower than that of the 2-ML QWIs. Therefore, only a small
shoulder is observed for excitation of the 3-ML QWI. The
overall linear trend for increasing energies is attributed to the
successive contribution of the increasing number of excited
QWI states close to the critical energy.
Because the excitation spectra reflect strong correlation of
the QWI PL and UPL in both samples we conclude that the
QWIs are responsible for efficient upconversion.
IV. UPCONVERSION MECHANISMS IN QWIs
Now we discuss the UPC in sample C. PL spectra at varied
temperatures shown in Fig. 5(a) are obtained to determine
the QWI energy levels. The sample contains energetically
shallow and deep states, i.e., high- and low-emission energies,
respectively. The InAs layer embedded in the AlGaAs mainly
forms shallow 2- and 3-ML QWIs and deep QDs. The InAs
layer in the GaAs forms shallow 2-ML and deep 3-ML QWIs,
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FIG. 5. (Color online) (a) PL spectra under 1.73 eV excitation
(500 mW/cm2) at varied temperatures 41–235 K. The spectra are
offset for clarity. (b) Peak assignment and deconvolution of the PL
spectrum at 41 K. Inset: Band diagram.
QWIs in the AlGaAs layer are referred to as QWIs I and
II, respectively. The 2- and 3-ML QWIs in the GaAs layer are
labeled QWI III and IV. The energy levels of the QWI states are
determined from fits to the PL spectra. For low temperatures,
the GaAs/AlGaAs QW, QWIs, and QDs can be identified (the
QW peak at 1.685 eV and the QD peak at 1.17 eV are not shown
here). The InAs/AlGaAs WL emission is close to that of the
QW. The PL spectrum is classified into three regions: the GaAs
region with energies higher than the GaAs donor-acceptor
peak, the shallow QWI region, and the deep QWI and QD
region. In the shallow QWI region, three peaks are identified.
From high to low energies, QWIs I, III, and II are indicated
in Fig. 5(b). The PL peak energies can be determined up to
100 K, but for temperatures above 100 K, the QWI peak shift
is assumed to follow the trend of the GaAs band-gap redshift.
Comparing of the RT energy positions inferred from Fig. 5(a)
and the peak energies in Fig. 2 shows that only shallow QWIs
contribute efficiently to UPC, although the QD density is sev-
eralfold compared to the QWI density, measured on uncapped
samples.
The UPC excitation spectra for different temperatures are






































FIG. 6. (Color online) (a) UPC excitation spectra from 12 K to
RT. Excitation ≈500 mW/cm2. The spectra are offset for clarity. I, II,
and III mark the peak positions of the shallow QWIs, as determined
from PL. The phonon replicas (P) are shown with dotted lines.
(b) The UPC temperature trend for excitation of QWI I and GaAs.
The theoretical solid curves are discussed in the text.
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The absolute values of the UPC for excitation of QWI I and
the GaAs band gap are shown in Fig. 6(b). We emphasize
that the UPC excitation spectra in Fig. 6(a) exhibit a peak
for direct excitation of the shallow QWI region. Only at
low temperatures the peak becomes a shoulder. This is a
consequence of different upconversion mechanisms. Below
100 K, the mechanism for direct excitation is sensitive to the
temperature [Fig. 6(a), peak I], whereas for indirect excitation
a weak temperature dependence is observed [Fig. 6(a), P].
The peak for indirect excitation is labeled as P, found at
≈33 ± 3 meV above the strongest QWI UPC peak. This energy
shift coincides with the longitudinal optical phonon energy in
InAs,25,26 and upconversion is not observed by excitation at this
energy for samples not containing InAs.19 Hence, we consider
processes that can be enhanced via phonon coupling in InAs.
The observed weak temperature dependence can be explained
by a phonon-assisted Auger process.27,28
The UPC temperature trends for excitation of QWI I
and the GaAs band gap are compared in Fig. 6(b). For
GaAs, the initial decrease [broken curve in Fig. 6(b) is
an eye guide] is explained with upconversion from a trap
state29,30 followed by increasing thermal excitation of free
carriers [blue solid curve in Fig. 6(b): an activation energy of
≈170 meV]. For QWI I, the upconversion efficiency increases
significantly with temperature below 100 K and then saturates.
This temperature dependence cannot be explained by the
direct thermal activation above the AlGaAs barrier due to
the relatively deeply confined states. Moreover, the TS-TPA
process is an implausible explanation because the interband
photon absorption temperature dependence cannot explain the
observed significant UPC increase at low temperatures,31,32
nor excitation spectra for samples with and without QDs.33
Therefore, we consider the Auger process for upconversion in
InAs QWIs: after formation of two e-h pairs in the QWI, one
e-h pair recombines and successively transfers its energy to
the other carriers.
In general, the impact ionization of carriers through the
Auger process implies efficient rates for thin QWIs, because
the kinetic energy of the Auger carriers can overcome
the barrier. By comparison of the ionized levels and the
barrier height, a critical QWI energy of about 1.36 eV
was estimated for low temperatures.34 This is in agreement
with our data, in which only QWIs with larger energy, i.e.,
shallow states, show strong upconversion. The peaks from
these QWIs [peaks I, II, and III; also please see Fig. 5(b)]
are illustrated in Fig. 6(a). The rate of Auger processes
is exponentially proportional to the temperature due to the
occupation probability of states required for momentum and
energy conservation.35,36 The observed trend agrees well with
the prediction for a threshold energy of 2.4 ± 0.4 meV [red
solid curve in Fig. 6(b)]. Here, we attribute the initial high
efficiency and low threshold energy to the unique electronic
structure of the QWI. The bound to continuum ionization
rates are enhanced by the spatial overlap of e-h pairs and
are strongly peaked around resonances.35,37 These rates can be
further enhanced by the confinement induced state mixing (a
wave function spread in k space, which leads to relaxation
of the conventional k-conservation rule).38–40 The above





























FIG. 7. (Color online) Comparison of UPL and UPC. P indicates
the phonon-assisted upconversion peak. I, II, and III mark the peak
positions of the shallow QWIs.
To verify that the structure of the UPC spectrum for direct
excitation at low temperatures corresponds to the QWIs
[Fig. 6(a)], we compare UPC and UPL excitation spectra in
Fig. 7. Because the UPL signal is weak under low-density
excitation, data for high-density excitation 5 W/cm2 are
presented.
The UPL intensity measured was that of radiative recom-
bination from the GaAs/AlGaAs QW at 1.685 eV. Under
small electric fields in the sample, upconverted carriers can
be initially ejected to both directions (along the growth
direction in Fig. 2). Therefore, UPL peaks correspond mainly
to upconversion in one QWI layer. Both the UPC and the UPL
excitation spectra show an overall decrease of the upconversion
signal with decreasing excitation energy. This is because
upconversion through the Auger process is inhibited for deeply
confined states. Moreover, the abrupt changes in the excitation
spectra (Fig. 7, gray arrows) correspond to the shallow QWI
states. We note an opposite trend of UPC and UPL (Fig. 7,
B and P). This indicates that, while the sum of UPL and
UPC is proportional to the upconversion efficiency, there is
a competition between recombination (UPL) and current flow
(UPC). Similar but small features are observed at the peak
positions of QWIs I and III. In addition, the small UPC peak
at 1.35 eV is due to thermal activated upconversion from deep
states. No significant signals in the UPC spectrum are detected
from the deep states at low temperatures, although thermal
activation increases their contribution at elevated temperatures.
We also point out that UPL is observed from shallow QWIs
in both InAs layers, i.e., with and without QDs. This indicates
that the QWIs are responsible for the efficient upconversion.
The power dependence of UPL and UPC for excitation of
QWI I is shown in Fig. 8. The measurement was performed
at 20 K, allowing good comparison of UPL and UPC signals.
The UPC and UPL power dependencies are shown with the
red and blue data points, respectively. Both UPL and UPC
signals follow a nonlinear trend close to the quadratic power
dependence shown with the broken line. Because both UPL
and UPC signals are due to upconversion in shallow QWIs, this
indicates that a nonlinear process in the QWI is responsible
for efficient upconversion.
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FIG. 8. (Color online) Power dependence of UPL and UPC for
excitation of QWI I at 20 K. Both UPL and UPC trends indicate that
a nonlinear process is responsible for the efficient upconversion in
shallow QWIs. For a guide to the eye we plotted the broken line I 2ex ,
representing a quadratic power dependence on the excitation intensity.
We conclude that the Auger interaction between two e-h
pairs formed in the QWI is the dominant upconversion process.
While further investigations are required to clarify the details
of the Auger ionization process, the present results suggest that
multiparticle upconversion processes in QWIs are efficient due
to involvement of shallow confined states. Therefore, carriers
can be easily ejected from the QWI after Auger ionization.
Since in QDs, efficient Auger upconversion is inhibited by
the deeply confined states, TS-TPA and thermal excitation
becomes important, but remain minor compared to Auger in
QWIs.
V. APPLICATION TO INTERMEDIATE BANDS
In the following, we estimate the impact of the highly
efficient multiparticle Auger interactions in InAs quan-
tum structures. For the AM1.5G solar spectrum, in our
InAs/Al0.2Ga0.8As quantum structure, the ideal additional
UPC through the QWI is only 1.73 times less than that for
the QD. This is determined by the fraction of photogenerated
carriers enph by absorption of the spectral region between the





where φsun is the spectral photon density, and Eb and Ecs
the energy of the barrier and confined state, respectively. The
factor 12 implies that for every generated upconverted e-h pair
two photons are required. This calculation assumes absorption
edges for QWIs, QDs, and AlGaAs as given below. Because
the UPC efficiency of the QWIs observed here and in previous
works is approximately an order of magnitude larger than that
for QDs,13,24 the upconversion through QWIs may result in a
conversion efficiency approximately fivefold higher than that
through QDs. Although the spectral absorption width of the
QWI is rather narrow, the high efficiency indicates the potential
for a considerable improvement of the energy conversion.
By applying a detailed balance calculation to our QWI
structure, we would like to present a figure of merit for its
possible application. The SC efficiency at 300 K is determined
with absorption edge for the QWIEQWI = 1.31 eV, for the QD
EQD = 1.08 eV, and for bulk AlGaAs EAl0.2Ga0.8As = 1.67 eV.
We assume a refractive index of n = 3.5 and that for Auger
upconversion half of the available photons between bulk and
the quantum structure absorption edge can be converted to e-h
pairs. For the detailed balance calculation we use the following
method.2 The open circuit voltage of a single junction is
given by
eVoc = Eg − kBT ln A
enph
, (2)
where kB is the Boltzmann constant, T is the temperature of
the solar cell, and A determines the radiative current.2 The
solar cell current is then approximated with
J = enph − Ae
eV−Eg
kBT . (3)
By optimizing the power, the voltage eVm and the current Jm
at the maximum power are found:




Jm = enph1 + kBT
eVm
. (5)
By performing this exercise we find that the AlGaAs single-
junction SC including ideal QWIs can reach 35.7% conversion
efficiency (AlGaAs bulk, 28.2%). Optimized real QWIs may
realize conversion efficiencies higher than those of GaAs
single-junction SCs by a few percent. In order to realize a
total conversion efficiency increase on the order of a few
percent, the QWI structures must be methodically optimized
for upconversion.
VI. CONCLUSION
We performed optical and electrical measurements of
InAs quantum structures. Efficient UPL was obtained through
excitation of QWIs in samples with and without QDs. Using
UPC excitation spectroscopy, a distinct peak structure in the
energy region of the QWI has been presented. The temperature
dependence of the UPC excitation spectra revealed a very small
activation energy for this UPC peak, which is attributed to effi-
cient upconversion in the QWI. Supported by complimentary
UPL and UPC excitation spectra and power dependence we
assigned the upconversion mechanisms in QWIs. The data
revealed that the multiparticle Auger carrier dynamics are
significant for UPC through upconversion in InAs quantum
structures whose energy levels are shallow enough. We believe
that the present work opens possibilities for development of a
new field involving IB SCs based on upconversion via strong
Auger interaction.
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